Rabbit erythrocytes have been haemolysed by treatment with vitamin A alcohol and the sequence of changes in the fine structure of the cells during lysis has been investigated by phase contrast microscopy of intact cells and electron microscopy of thin sections. The initial effect of the vitamin, which occurs within 1 minute, is the production of cells of bizarre appearance which have a greatly increased surface area relative to untreated cells. Large indentations appear in the surfaces of the cells, and vacuoles are formed from the indentations by a process that resembles micropinocytosis. The cells then become spherical and loss of haemoglobin begins as breaks appear in the membranes of some cells; finally, ghosts are produced that are no longer spherical but still contain numerous vacuoles. These observations support the thesis that one site of action of vitamin A is at lipoprotein membranes.
INTRODUCTION
It has previously been reported that the addition of a suspension of erythrocytes to vitamin A dissolved in ethanol results in the rapid lysis of the cells upon incubation at 37°C (Dingle and Lucy, 19J52) . The molecular specificity for lysis of red cells was found to be similar to that for the prevention oi vitamin A deficiency in animals and for the action of the vitamin on isolated lysosomes from rat liver. For example, the hydrogenated and anhydro forms of the vitamin and related terpenes show little activity in any of these systems. On the basis of these observations, it was suggested that the site of action of vitamin A is at the lipoprotein membranes of cells and their organelles, and that its function is to control the permeability of biological membranes, which become unstable in the presence of excess of the vitamin.
Earlier observations with the light microscope on erythrocytes treated with vitamin A showed that the cells become first crenated and then spherical, and that finally red cell ghosts are produced (Dingle and Lucy, 1962) . These observations have now been extended in a study of the effect of the vitamin on the fine structure of rabbit red cells by electron microscopy of thin sections. It has been found that treatment with the vitamin causes a reproducible series of changes in the morphology of the red cell, and these are described in this paper. A preliminary communication has been published (Dingle, Glauert, Daniel, and Lucy, 1962) .
MATERIALS AND METHODS

Erythrocytes
Rabbit erythrocytes werc obtained from young adult male animals. The rabbits wcrc bled from the marginal car vein and the blood was collected in an approximately equal volume of Alsevcr's solution (DeGowin, Hardin, and Alscver, 1949) . The cells were centrifuged and washed twice with approximately l0 volumes of 0.9 per cent sodium chloride solution. The packed-cell volume was then determined by centrifuging the cells in a small quantity of 0.9 per cent sodium chloride solution at 220 g for 5 minutes in an angle-head ccntrifuge. Finally, the cells were suspended in 0.9 per cent sodium chloride solution to give 1 ml of packed cells pcr 40 ml of suspension. This was the standard suspension that had been used in the previous biochemical experiments (Dingle and Lucy, 1962) and was, therefore, used here.
Vitamin A
Vitamin A alcohol (Roche) was dissolved in ethanol to give a 100 mg/ml solution; for convenience, "vitamin A alcohol" is referred to as "vitamin A" throughout the paper. The solution was stored under nitrogen in the cold; dilutions were made immediately before use. Since vitamin A is virtually insoluble in saline, it was necessary to standardize the mode of addition of the vitamin to the cells. Reproducible results were obtained when an ethanolic solution of the vitamin (0.05 ml) was pipetted into the bottom of a dry tube and then a measured volume (5 ml) of the cell suspension added. An equal volume of ethanol was added in a similar manner to cells in control experiments.
Phase Contrast Microscopy
A small chamber was made by Mr. Ross Munro by forming a thin rim of Araldite (type one natural) around four sides of a 1-inch square on a thin microscope slide. After hardening, the Araldite was filed down until the surface was smooth and the layer was only a few thousands of an inch thick. A small drop of the suspension of cells to be observed was placed in the centre of the square and the chamber sealed with a 1-inch square No, 0 coverslip. Observations were made with a Cooke, Troughton, and Simms phase contrast microscope, with a Point-o-Lite source, green filter, heat filter, X 95 oil immersion objective, and X I0 eyepiece.
Stained Preparations
Sections 1 to 2 tt thick were cut from the methacrylate blocks (see below) and stained overnight with G. T. Gurr's "R 66" Giemsa stain without removing the embedding medium. Photographic recordings were made with a Leitz Ortholux microscope with a X 100 apochromatic oil immersion objective and X 10 eyepiece.
Electron Microscopy
Normal and treated suspensions of red cells in 0.9 per cent NaC1 solution were centrifuged at 130 g for 7 minutes and the pellets were fixed by the addition of ! .0 ml of buffered osmium tetroxide fixative at pH 7.0 (Zetterqvist, 1956) . To study changes occurring only a few seconds after the addition of the cells to the vitamin, 1.0 ml of fixative was added to 1.0 ml of the treated cells in saline; the mixture was centrifuged immediately and the pellet resuspended in 1.0 ml of the fixative in the usual way. After fixation for 1 to 16 hours, the cells werc centrifuged and resuspended in 50 per cent ethanol in water; after at least 30 minutes in the cold, they were centrifuged again and resuspended in 70 per cent ethanol in water. The cells were left in 70 per cent ethanol for l hour, or overnight, and were then centrifuged to produce a firm pellet. This pellet was cut into small pieces with a sharp razor blade and these pieces were passed through the subsequent dehydrating and embedding solutions. The cells were embedded in partially prepolymerised methacrylate.
Thin sections, 500 to 800 A thick, were cut with an A. F. Huxley microtome and collected on grids coated with collodion and carbon films. Some sections were stained by floating the grids on a solution of uranyl acetate in water or ethanol. The sections were examined in a Siemens Elmiskop I electron microscope operating at 60 kV, and photographed at instrumental magnifications of 6,000 to 14,000.
RESULTS
Phase Contrast Microscopy
Living rabbit erythrocytes suspended in 0.9 per cent sodium chloride solution appear uniformly dense and many of the cells have irregular "prickly" outlines (Fig. 1 ). Bessis and Bricka (1950) have shown that this appearance is a common result of suspending red cells in saline and that these spherical "sea urchin" forms return to the biconcave shape in normal plasma.
The addition of ethanol to the suspensions in the control preparations has no effect on the appearance of the cells, and no haemolysis is seen during I hour at room temperature.
Treatment With vitamin A (20 #g/ml) has an immediate effect on the morphology of the red cells; large indentations appear in their surfaces and they assume various bizarre forms (Fig. 2) .
Phase contrast photographs of living rabbit crythrocytcs in 0.9 per cent NaCI solution. Thc scale marks rcprcscnt 10 microns. X 2,500.
FIGVRE 1
Normal rabbit red cells in saline appear uniformly dense with "prickly" outlines.
FIGURE
After treatment with vitamin A (20 pg/ml) for 20 minutes at room temperature; there are deep indentations in the red cells.
FIGURE 3
At a latcr stage of trcatment with vitamin A (20 #g/ml) at room tempcraturc; thin channels arc present in the cclls.
FIGUaE 4
Light microscope photograph of a section stained with Giemsa. 30 seconds after the addition of the cells to vitamin A (10 #g/ml) at 25°(3; bizarre forms are present. The scale mark represents 10 microns. X 1,800.
T h e two sides of the indentation then approach each other so that only a thin channel remains (Fig. 3) , and at the same time m a n y small vacuoles appear within the red cell just beneath the surface of the indentations. T h e channels eventually vanish, the red cell becomes spherical, and the vacuoles are now peripheral. Soon after this some of the red cells rapidly become less dense and ghosts are formed; this final rapid fading and production of ghosts occurs in 2 or 3 seconds. T h e peripheral vacuoles are still present and appear as dark dots at the surface of the ghost. At lower concentrations of vitamin A (10 /~g/ml) m a n y of the red cells do not lyse within an hour under the conditions of observation in the chamber, and there are considerable variations in the rate of lysis of the individual ceils. At higher concentrations (40 # g / m l ) all the red cells lyse but the process of haemolysis is so rapid that it is not possible to distinguish the sequence of morphological changes.
Light Microscopy of Stained Preparations
T h e red cells are too thick for clear photographic recordings to be made. with the phase contrast microscope, a n d consequently the observations on living cells were confirmed by a study of sections, 1 to 2 /z thick, cut from the methacrylate blocks and stained: with Giemsa (Fig. 4) .
T h e cells do not all respond to treatment with the vitamin, at the same rate, although the majority are in the same stage of haemolysis at any one time. It is possible that the vitamin does not reach all the cells at exactly the same moment. T h e sequence of changes in the morphology of the cells is shown in diagrammatic form in Fig. 5 , which was constructed from a set of tracings of the outlines of cells as seen in the sections. This sequence was deduced from the observations on living cells with the phase contrast microscope and from the series of stained preparations obtained by treating the red cells with different concentrations of vitamin A at differen t temperatures for different times.
Normal Red Cells Suspended in Saline
T h e cells have various irregular shapes depending on the plane in which they are sectioned; the familiar outline of a biconcave disc is seen only when the cell is sectioned in a plane at right 
F~GVRE 6
Normal red cells suspended in saline. In favourahle sections the outline of a biconcave disc is seen (arrow). X 15,000.
angles to the plane of the disc (Fig. 6, arrow) . The cells no longer have the "prickly" appearance seen in the phase contrast microscope, having presumably returned to the disc form during the fixation and embedding procedures. The interior of the cell appears uniformly dense at low magnification (Fig. 6 ) although a pattern of coarse and fine granules is seen in thinner sections at higher magnification (Fig. 7) . The red cell is bounded by a dense peripheral layer which appears as a thin line about 55 A thick at places where the edge of the cell is accurately perpendicular to the plane of the section (Fig. 7, arrows) . Presumably, this dense layer represents the membrane of the red cell.
The dense outer layers of two adjacent red cells are always separated by a gap. The width of the gap depends upon the conditions of centrifugation during the preparation of the pellet of cells, but is rarely less than 500 A and usually much greater.
In the control experiments, incubation of suspensions of red cells in saline in the presence of 1 per cent ethanol for 15 minutes at 25°C has no effect on the fine structure of the cells (Fig. 8) .
Initial Effects of Vitamin A
Electron micrographs of thin sections of red cells fixed immediately (30 to 45 seconds) after the addition of the cells to vitamin A in ethanol show the same bizarre forms that are seen in the FIovaE 7
The surface of the red cell is bounded by a thin dense line about 55 A thick (arrows). X 66,000. Red cells incubated with 1 per cent ethanol for 15 minutes at 25°C show no observable change in fine structure. X 15,000. preparations viewed in the light microscope (of. Figs. 4 and 9) . Initially, the vitamin has no effect on the density of the interior of the cells or on the appearance of the dense peripheral layer. The cell surface is deeply infolded so that its area is greatly increased but the dense line bounding the cell is still about 55 A thick. An alteration in the surface properties of the cells occurs, however, since some adjacent cells are now observed to be in close contact (Fig. 10) .
Small vacuoles are often observed inside the cells near the surfaces of the indentations (Figs. 10 and 11, arrows) and presumably correspond to those seen at this stage in the living ceils with the phase contrast microscope.
In preparations centrifuged before the addition of the fixative the majority of the cells are already assuming a spherical form (Fig. 12) ; some appear still uniformly dense but most have lighter central regions. Many small vacuoles, often in groups, are present in the peripheral regions of the cells (Fig. 12) . The vacuoles appear empty and are bounded by a thin dense line (Fig. 13 ) which may represent a membrane similar to the limiting membrane of the cell. This limiting membrane becomes more clearly defined as the contents of the cell become less dense; it still appears as a thin line about 55 A thick.
Later Stages in the Lysis of Red Cells by Vitamin A
The progressive haemolysis of the red cells is accompanied by a gradual loss of density during which light areas appear in the matrix of haemoglobin (Fig. 14) . Some of the cells lose their spherical shape at this stage; the peripheral vacuoles are still present (Fig. 14) . Discontinuities are visible in the membranes of the red cells and, in an extreme example, the membrane appears to break simultaneously at many places around the periphery (Fig. 15) .
Finally almost completely empty ghosts are formed (Fig. 16) . Breaks are present in the membranes of the ghosts (Fig. 16, arrows) but the peripheral vacuoles remain. The cell membranes do not appear as clean lines and it seems that haemoglobin is easily adsorbed onto the inner and outer surfaces under these conditions.
D I S C U S S I O N
In previous experiments (Dingle and Lucy, 1962) it was observed that the extent of haemolysis by vitamin A was dependent both upon the concen-
I~GUUES 9 TO 11
Sections stained with uranyl acetate. tration of the vitamin relative to the n u m b e r of red cells, and upon the temperature of incubation. These two parameters have, therefore, been used to obtain red cells in various stages of partial lysis for study with the electron microscope. In general, the degree of lysis, as measured by the release of haemoglobin, was paralleled by the extent of damage and loss of density of the erythrocytes as revealed by the electron microscope.
FIGURE 10
At a slightly later stage small vacuoles (arrow) are formed at the surface of an indentation. Adjacent red cells are in close contact. X 15,000.
FI6URE 11
After 5 minutes incubation with 10/zg/ml vitamin A at 20°C the cells have begun to lose haemoglobin. Many small vacuoles have formed and one is budding off (arrow) from the surface of the large indentation seen in transverse section in the centre of the red cell. M 15,000.
FIGURE 1~
The same stage as in Fig. 11 ; most of the cells are now spherical and some have lighter central regions. X 15,000.
T h e appearance of the surfaces of r a b b i t red cells in our electron micrographs of thin sections after osmium tetroxide fixation confirms the observations of Chalfin (1956) who described a membrane 60 to 70 A thick. Katchalsky, Danon, and Nevo (1959) used a similar technique in a study of h u m a n erythrocytes, a n d assumed that the thin dense line at the surface of the cell represented the cell m e m b r a n e ; in their cells this line was about 60 A thick, in good agreement with our value of 55 A for r a b b i t red cells. Hillier a n d Hoffman (1953) estimated that the membranes
The vacuoles are bounded by thin dense lines similar to the limiting membrane of the red cell. X 66,O00.
FIGURE 14
After 15 minutes incubation with 20 #g/ml vitamin A at 25°C, holes appear in the matrix of haemoglobin, and free haemoglobin is present outside the ceils. The peripheral vacuoles are still present. )< 15,000.
of red cell ghosts from a n u m b e r of species were about 50 A thick. In the present experiments there was no detectable alteration in the thickness of the cell m e m b r a n e during haemolysis.
T h e initial effect of vitamin A on rabbit red cells is the production of a large increase in surface area of the cells without any accompanying change in volume. In consequence, deep indentations are formed in the surfaces of the cells, which assume a variety of unusual shapes. The subsequent development of small vacuoles at the surfaces of
FmURE 15
The membrane of a red cell has broken simultaneously at many points. )< 10,000. the indentations may represent a further increase in total surface area, but at this stage the membrane appears to become unstable, the ceils become spherical, and the loss of haemoglobin begins. T h e early stages of indentation and vacuole formation have features in common with the process of pinocytosis in amoebae where small vacuoles are pinched off from tube-like invaginations of the cell surface (Holter, 1959) .
Once the small vacuoles have been formed, they appear to be comparatively stable and persist during the haemolysis of the red cell and the formation of a ghost. T h e numerous breaks that are visible in the m e m b r a n e of the ghost suggest that most of the haemoglobin is lost at these points.
FIOURE 16
After incubation for 15 minutes with 20 #g/ml vitamin A at 37°C red cell ghosts have been formed. Breaks are visible in the membranes of the ghosts (arrows). The peripheral vacuoles are still present and haemoglobin is adsorbed onto the ghost membranes. X 15,000.
Presumably, the action of the vitamin causes local instabilities in the cell membrane.
T h e changes produced in the red cell m e m b r a n e by excess vitamin A are reflected not only in the great increase in the surface area of the m e m b r a n e and its subsequent instability, but also in the changes in surface properties which cause the treated cells to stick together. Also the m e m b r a n e of the ghosts formed by vitamin A has the ability to bind haemoglobin since haemoglobin is found to be attached to the inner and outer surfaces of the membrane.
In previous experiments, it was shown that the molecular structural requirements for activity in haemolysis by vitamin A were, with certain exceptions, similar to those for prevention of vitamin A deficiency in animals (Dingle and Lucy, 1962) .
It was suggested, therefore, that the site of action of vitamin A is at the lipoprotein membranes of the cells and their organelles, and that the function of the vitamin may be to control m e m b r a n e permeability. T h e present study with phase contrast and electron microscopes provides support for the thesis that one site of action of vitamin A is at lipoprotein membranes. Since the initial effect of vitamin A on the red cell is to produce a large increase in the surface area of the cell, it would appear that the vitamin is incorporated in the m e m b r a n e which expands in order to ac commodate the additional molecules. This increase in surface area m a y be associated with the rapid loss of potassium, which precedes loss of haemoglobin on treatment of erythrocytes with vitamin A (Dingle and Lucy, 1962) . T h e initial expansion of the membrane is consistent with recent experiments which have demonstrated that vitamin A possesses the ability to penetrate and expand a monolayer of lecithin and cholesterol at an air-water interface (A. D. Bangham, J. T. Dingle, and J. A. Lucy, unpublished observations). The exact mode of subsequent haemolysis is not yet clear. Lysis may arise from mechanical weakening or reorientation of the structure of the membrane, or other mechanisms may be involved.
